Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system in which peripheral blood monocytes play an important role. We have previously reported that patients with chronic progressive MS (CPMS) have significantly increased numbers of circulating monocytes which express the urokinase plasminogen activator receptor (uPAR). In the present study, we examined the expression of uPAR on monocytes in patients with relapsing-remitting multiple sclerosis (RRMS) not currently participating in a clinical trial and in patients with RRMS who were enrolled in a double-blind multicenter clinical trial designed to examine the effect of glatiramer acetate (copolymer 1; Copaxone) on relapsing disease. Patients with CPMS have sustained high levels of circulating uPAR-positive (uPAR ؉ ) monocytes. In comparison, patients with RRMS displayed variable levels of circulating uPAR ؉ monocytes. Mean values for uPAR in patients with RRMS were above those seen for controls but were not as high as those observed for patients with secondary progressive MS. Patients with RRMS in the clinical trial also had variable levels of monocyte uPAR. However, patients in the treatment group displayed lower levels following 2 years of treatment. In both placebo-treated and glatiramer acetate-treated patients, the percentage of circulating uPAR ؉ monocytes, as well as the density of uPAR expressed per cell (mean linear fluorescence intensity), increased just prior to the onset of a clinically documented exacerbation. Values fell dramatically with the development of clinical symptoms. uPAR levels in all groups correlated with both clinical activity and severity. Results indicate that monocyte activation is impatient in MS and that glatiramer acetate may have a significant effect on monocyte activation in patients with RRMS.
The pathogenesis of multiple sclerosis (MS) is a complex, multicellular process in which the infiltration of both monocytes and lymphocytes plays a key role (34, 39) . Despite considerable experimental evidence and scientific opinion pointing to a role for T cells in the pathology of MS, there is little consensus on the role played by the peripheral blood monocyte. The monocyte/macrophage constitutes a large proportion of the infiltrating cells in MS lesions. Circulating monocytes from patients with MS have been shown to differ from normal monocytes in several aspects: (i) increased surface expression of interleukin-2R (52), (ii) increased oxidative burst activity (52), (iii) increased release of superoxide (15) , (iv) increased phagocytic activity (31) , (v) monocyte release of neopterin (17) , and (vi) increased synthesis and release of a number of monokines (10, 14, 16, 23, 35, 40, 42) , including members of the eicosanoid family (11, 13, 28) . These results suggest that circulating monocytes from patients with MS are activated. This concept is supported by increased surface expression of costimulatory molecules (41, 51) and the expression of the monocyte activation antigen urokinase plasminogen activator receptor (uPAR) (12, 49) . Of interest, however, is that the expression of uPAR and other surface markers of activation does not correlate with class II expression in these cells (4, 37) . Taken together, the data suggest that circulating monocytes from patients with MS are "stimulated" and that monocytes may exist in different states of activation.
The role of uPAR in monocyte activation is not clear. However, it is known that the urokinase plasminogen activator and its receptor are important to extracellular proteolysis and to regulation of cell migration and invasiveness (7, 30) . Thus, it is possible that monocytes bearing surface uPAR are primed for migration from the blood into the tissue. Whether the increased sustained pattern of monocyte uPAR expression previously reported in patients with secondary progressive MS (SPMS) is also seen in patients with relapsing-remitting MS (RRMS) is not known. We have examined uPAR expression in monocytes from patients with RRMS and SPMS as well as in 24 patients with RRMS participating in a clinical trial to determine the therapeutic efficacy of glatiramer acetate. Monocyte uPAR expression in patients with RRMS varied considerably over a wide range of values, although mean levels were significantly higher than those observed for healthy controls. Glatiramer acetate (copolymer 1 [COP-1]) significantly altered uPAR expression in RRMS patients admitted to the clinical trial after prolonged treatment. Increased uPAR expression correlated with changes in disease activity in all patient groups tested. Results also suggest that treatment was more effective in patients whose baseline uPAR levels were low at the onset of treatment.
MATERIALS AND METHODS
Patient recruitment and enrollment. Patients with RRMS had been diagnosed with definite MS for a minimum of 2 years and had exprienced at least two documented relapses during that period of time. Patients admitted to the COP-1 study were those with RRMS who met the inclusion criteria (47, 32) . Patients had experienced at least two documented elapses during the previous 2-year period but were stable for at least 30 days prior to entry. These patients had an expanded disability severity scale of 0 to 5.5 and had not received corticosteroid or other anti-inflammatory therapy for a minimum of 30 days. Patients with secondary chronic progressive MS and patients with RRMS who were not participating in the clinical trial also had not been treated with steroid or anti-inflammatory drugs for at least 3 months. Control populations consisted of (i) healthy volunteers from both the hospital personnel and community volunteers who were matched for age and sex and (ii) patients with other neurological diseases (amyotrophic lateral sclerosis, migraine headache, chronic inflammatory demyelinating polyneuropathy). All patients were examined by Wayne State University neurology faculty. All MS groups and healthy controls were studied serially.
Study design and data collection. Patients in the clinical trial were examined before the beginning of therapy and every 3 months thereafter. Patients were examined within 5 days of an episode believed to be a possible exacerbation. At each visit two neurologists were involved: a treating neurologist and an examining neurologist. Both physicians were unaware of the treatment arm to which the patient had been assigned. Volunteers not participating in the clinical trial had been clinically evaluated within 3 months of sample donation. Samples were taken at the time of clinical examination. Samples were coded prior to study and Isolation of peripheral blood mononuclear cells. Mononuclear cells were obtained from defibrinated venous blood by density separation following centrifugation for 30 min on Lympho-Paque (Nyegaard & Co, Oslo, Norway). The mononuclear layer was collected, washed three times, and resuspended in phosphate-buffered saline plus 2% heat-inactivated autologous serum. Mononuclear cells were counted on a hemocytometer, and 10 6 cells/ml were distributed to polystyrene tubes (12 by 75 mm; Becton-Dickinson Labware, Lincoln Park, N.J.).
Immunofluorescence flow cytometric analysis. Primary antibody (200 ml) plus sodium azide (0.01%) was added to mononuclear cells in antibody excess. Cells plus antibody were incubated for 30 min at 4°C. Fluorescein isothiocynateconjugated secondary antibody (1:100 dilution; saturation density) was applied after three washes in phosphate-buffered saline plus 2% bovine serum albumin. Anti-CD14 P phycoerythrin-conjugated antibody (1:100 dilution) was added last. After incubation at 4°C for 30 min, the cells were washed and fixed with 3% paraformaldehyde and kept in a refrigerator until the next day. The stained cells were then examined with a FACScan instrument (Becton and Dickinson, San Jose, Calif.) and analyzed by using the PC lysis II program. The monocyte population was first gated with the monocyte-specific marker CD14 (log forwardangle light scatter verses log 90°light scatter). Specific immunoreactivity for uPAR was determined by subtracting the value for the isotype control antibody M45q from the value for uPAR. Results were presented as percent positive cells and the mean channel number adjusted to a linear scale (mean linear fluorescence intensity [MLFI]) Ϯ standard deviation (SD) (32) . MLFI is an indicator of the density of antigen expression on a given cell. A minimum of 10,000 monocytes were analyzed.
RESULTS

Peripheral blood monocytes from patients with MS.
No statistically significant difference in percent total leukocytes, morphological appearance of cells, or cell viability was observed between leukocyte populations isolated from any of the patient groups and healthy controls (data not shown). The total number of monocytes, defined as CD14 ϩ cells, was similar in all treatment groups as well as healthy controls over the study period ( Table 1) .
Expression of monocyte uPAR in healthy controls and patients with RRMS and SPMS. The surface expression of uPAR was examined by flow cytometry. All control volunteers displayed low percentages of circulating uPAR-positive (uPAR ϩ ) CD14 ϩ monocytes. Those monocytes expressing uPAR did so at a low density. These cells exhibited a low MLFI, confirming previous studies by our laboratory (12, 49) . When control monocytes were activated with lipopolysaccharide (LPS; 10 g/ml) the percent CD14 ϩ uPAR ϩ cells and the MLFI for uPAR ϩ monocytes were increased ( Fig. 1A and B and Table  2 ). The increased percentage of uPAR ϩ monocytes correlated positively with increased MLFI.
Patients with RRMS expressed variable levels of uPAR, expressed as both a percentage and MLFI ( Table 2 and Fig.  1C ). However, mean values were significantly above those for healthy controls and neurological controls ( Table 2 ). The range of values for patients with RRMS is shown in Fig. 2 . Monocytes from patients with SPMS had increased levels of expression of uPAR compared with that for monocytes from healthy controls ( Table 2 and Fig. 1D ), again supporting previous data. Unlike the range of values for patients with RRMS, the range of values for patients with SPMS was at a significantly higher level.
Longitudinal variation in monocyte uPAR expression. Longitudinal changes in the percent circulating CD14 ϩ uPAR ϩ monocytes and in the density of uPAR expression are shown for representative patients in Fig. 3 . Little fluctuation was observed in values for monocytes from healthy control volunteers. The percentage of uPAR ϩ monocytes as well as the MLFI (Fig. 3) for monocytes from patients with SPMS re-mained high during the study period, confirming previous results. Both the values for percent uPAR ϩ monocytes and the density of uPAR expression for patients with RRMS fluctuated significantly over the study period.
Expression of monocyte uPAR in patients with RRMS participating in the glatiramer acetate clinical trial. The expression of uPAR on the monocyte surface in both placebo and glatiramer acetate-treated patients was examined by dual-label flow cytometry. Patients with RRMS treated with either placebo or glatiramer acetate had significantly (P Ͻ 0.05) greater percentages of uPAR ϩ monocytes as well as a greater density (MLFI) of uPAR expression than healthy controls (Table 3) . When studied longitudinally, the monocytes of placebo-treated patients expressed uPAR at variable percentages, and the density of uPAR expression was also variable. This pattern was similar to that obtained for patients with RRMS not participating in the clinical trial. In patients treated with glatiramer acetate, we observed a trend toward decreased longitudinal fluctuation in circulating CD14 ϩ uPAR ϩ monocytes. The uPAR density (MLFI) decreased, but it was not until patients had been treated for nearly 2 years (Table 4 ) that these values reached statistical significance. As a group, mean values were statistically significantly lower in glatiramer acetate-treated patients after 2 years of treatment. It was also noted that some treated patients exhibited highly variable fluctuations in uPAR expression, while others displayed relatively low levels of fluctuation throughout the treatment protocol. We questioned whether this represented a subset of patients with RRMS.
To study this, values were reanalyzed by grouping patients according to whether they exhibited high or low baseline uPAR ϩ values at the start of the trial. Patients were grouped as follows: placebo-treated patients with high baseline (MLFIs, Ն300) of uPAR ϩ monocytes (group A), placebo-treated pa- (Table 5 ). In Fig. 4 we graphed longitudinal values for representative patients from each group. Group A (placebo with high baseline levels) exhibited highly variable patterns of uPAR expression characterized by peaks and valleys, as did patients in group B (placebo with low starting baseline levels) ( Fig. 4A ). Glatiramer acetatetreated patients (Fig. 4B ) who began the trial with high baseline levels of uPAR ϩ monocytes also exhibited highly variable levels of uPAR expression similar to that in placebo-treated patients (Fig. 4A ), although after prolonged treatment some patients appeared to express lower levels. These patients were those who began the trial with low baseline levels of uPAR ϩ monocytes. These results suggest that glatiramer acetate may have had a greater effect on uPAR expression in patients in this subset. One possible explanation is that uPAR expression, which is an indication of monocyte activation, changes with disease severity and/or activity and that patients in group D may have started the trial with less active disease. Correlation with clinical activity. Patients participating in the clinical trial were instructed to report an exacerbation of their disease. Samples were obtained during and after a clinically documented exacerbation. Monocytes isolated from patients prior to a clinically documented exacerbation exhibited high uPAR values (Fig. 5) . The values decreased after the onset of new symptoms. This pattern was observed in both the placebo and the treated groups. However, treatment with glatiramer acetate significantly lowered the rate of exacerbation in patients with low levels of uPAR expression and lowered the preexacerbation rises in the MLFI and percentage of circulating uPAR ϩ monocytes (Fig. 5B ) in this subset. The exacerbation rates for patients with low baseline levels of uPAR ϩ monocytes were 1.166% Ϯ 0.3% (n ϭ 9) and 1.66% Ϯ 0.6% (n ϭ 9) for glatiramer acetate-and placebo-treated patients, respectively. The difference between these groups was statistically significant (P Ͻ 0.01 by Student's t test). The exacerbation rates for patients with high baseline levels of uPAR ϩ monocytes were 1.25% Ϯ 0.4% (n ϭ 6) and 1.5% Ϯ 0.5% (n ϭ 5) for glatiramer acetate-and placebo-treated patients, respectively.
Correlation with EDSS. Disability ratings for glatiramer acetate-and placebo-treated patients are shown in Table 6 . Scores were compared to MLFI and to percent uPAR ϩ monocytes for both the placebo and the treated groups longitudi-nally over time. The percentage of uPAR ϩ monocytes increased with an increase in the Kurtzke Expanded Disability Status Score (EDSS) (Fig. 6) . The higher the disability rating, the higher the percentage of uPAR ϩ monocytes. The MLFI, however, did not correlate with EDSS (data not shown). However, increased numbers of patients need to be studied in order to confirm these results.
DISCUSSION
Monocyte surface expression of uPAR is thought to reflect a state of monocyte activation (7, 12, 20, 49) . uPAR is also expressed by T-effector cells (47) and by many other cells such FIG. 4 . Longitudinal changes in patients exhibiting high and low levels of monocyte uPAR expression. Representative placebo-treated patients (A) grouped by high baseline levels of uPAR and low baseline levels of uPAR are compared to glatiramer acetate-treated patients (B) grouped according to high baseline levels and low baseline levels. Glatiramer acetate-treated patients who started the trial with low baseline uPAR values exhibited less overall fluctuation in uPAR expression and lower mean levels than treated patients with high levels at the start of the trial and than placebo patients. as endothelial cells, microglial cells (48) , and metastatic tumor cells (for a review, see reference 47) thought to be primed to migrate. uPAR is a principal initiator of the plasminogenplasmin cascade and contributes indirectly, through plasmin, to the activation of gelatinase. Gelatinase is a highly active matrix-degrading metalloproteinase. Both enzymes are important to cell migration (7) , disruption of the blood-brain barrier (7, 10) , and myelin degradation (10, 27, 43) and may be important in experimental allergic encephalomyelitis and MS (10, 18, 25) . uPAR expression is modulated by endotoxin (LPS) and cytokines such as tumor necrosis factor alpha and interferon gamma (24) . Both cytokines have been implicated in the pathogenesis of MS (9, 33) .
We report that patients with RRMS express higher levels of the monocyte activation antigen uPAR than healthy controls. These values fluctuated over a wide range when measured in a longitudinal fashion. Such variations are in contrast to the consistently high nonfluctuating levels of uPAR expression seen in monocytes from patients with SPMS (12) (12) . Changes in uPAR expression and, thus, stimulation of monocyte activity may be important in the clinical course of the disease. Values for both MLFI and percent uPAR ϩ cells increased prior to the onset of a clinically documented exacerbation and rapidly decreased with the development of new clinical symptoms. During an exacerbation, uPAR levels were low and comparable to those observed in healthy controls. The dramatic increase in monocyte uPAR expression preceding the beginning of an exacerbation might suggest heightened peripheral stimulation of monocytes. That expression falls during development of new symptoms may suggest that activated monocytes migrate into the central nervous system.
Increased levels of uPAR were seen in patients with SPMS and RRMS with higher disability scores. The latter group, in general, showed less significant benefit after treatment with glatiramer acetate (1, 5, 6, 45, 50) . When analysis was carried out with patients grouped by high or low starting baseline levels of uPAR, glatiramer acetate appeared to have a significant suppressive effect on monocyte expression of uPAR in patients with less active disease.
Taken together, our results suggest that the therapeutic efficacy of glatiramer acetate is likely to be greater if treatment is started very early in the disease process. Studies with much larger numbers of patients are needed to support this concept.
The mechanism responsible for glatiramer acetate-mediated suppression of monocyte uPAR expression is unclear. It is not known whether the effect on uPAR expression is a direct effect on monocytes themselves or whether it is an indirect effect mediated by other leukocyte subsets. It is thought that glatiramer acetate may activate T-suppressor cells (8) or inhibit T-cell responses to myelin basic protein (44) . Evidence for the latter mechanism is equivocal (44) . The suppressive effect of glatiramer acetate may be related to a cross-reactivity with myelin basic protein (44) , competitively inhibiting the interaction of this molecule with antigen-presenting cells (8, 36, 44) . While glatiramer acetate does not interfere with antigen processing, it appears to alter antigen presentation and T-cell activation (36) . Li and colleagues (26) reported that glatiramer acetate blocked cytokine-mediated major histocompatibility complex class II antigen expression in a human monocytic cell line, suggesting that it blocks monocyte activation. The levels of production of tumor necrosis factor alpha and cathepsin D were also decreased. The level of interleukin-1 release was, however, increased in the same cells, making the data equivocal. Evidence by other investigators showing that glatiramer acetate may shift T-cell activation from the T1 to the T2 cytokine profile (2, 3, 26, 29, 46) indirectly suggests that the drug may alter monocyte release of polarizing cytokines. Thus, it is possible that glatiramer acetate may alter monocyte/macrophage function. Taken together, the results support the supposition that monocyte function is important to the pathophysiology of MS.
